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ABSTRACT
The by-products of a chlorination of drinking water such as
trihalomethanes (THMs) which possess a potential chronic
health risk, caused a major reassessment of water treatment
practices in the USA. In 1975, the Environmental Protection
Agency (EPA) conducted a 80-city survey in which the drinking
waters were examined for six organic compounds and the Agency
concluded the presence of THMs in finished water was due to
chlorination practice. In 1983., the EPA set the final THM
rule for the best technology, treatment techniques or other
means that the EPA found to be generally available, taking
cost into consideration.
This paper focuses on this period and reviews the literature
of drinking water disinfection, the substance of concerns in
drinking water, the history of chlorination and the
technologies of THMs control.
In addition, it describes the EPA's regulatory and rule
making policy change concerning THMs and reevaluates
Granular Activated Carbon as the ultimate method for removing
the THMs from drinking water from the standpoint of benefit-
cost analysis.
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The relatively recent discovery that chlorination of
most natural waters for bacterial and viral disinfection
produces chlorinated by-products with potential chronic
health risks, has caused a major reassessment of water
treatment practices in the USA. These by-products include
the trihalomethane (THM) group. It is probable that no other
public health issue affects a larger proportion of the
population than drinking water disinfection. With cancer as
a major cause of death in the United States, it is not easy
to disregard chlorinated by-products as a possible cancer
cause.
In 1975 Environmental Protection Agency (EPA) produced
a report, "Preliminary Assessment of Suspected Carcinogens in
Drinking Water," to Congress. In this report the EPA
conducted a 80-city survey in which the raw and treated
drinking waters were examined for six organic compounds.
Results of the survey showed that chloroform was detected in
the finished water of 100'. of the cities surveyed, and
that bromodichloroethane was found in 97.5"4 of the finished
waters. Results of the survey indicated that the formation
of these compounds is caused by the chlorination
practices normally followed during water treatment
operations.
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In 1976 the National Cancer Institute released the
results of a study which showed chloroform to be the cause
of cancer in rats and mice under laboratory conditions.
Although the actual effect on humans from drinking water
containing chloroform at low levels over a long period of
time is unknown , sufficient information has been
accumulated to establish that a risk does exist.
In 1977 a National Academy of Sciences discussed the
health effects of organic and other contaminants in
drinking water. After assessing the available toxicological
information, the report emphasized that:
1. When properly qualified, effects in test animals
are applicable to man.
Methods do not presently exist to establish a
threshold for long-term effects of toxic agents.
The exposure of experimental animals to toxic
agents in high doses is a necessary and
valid method of discovering possible carcinogenic
hazards in man.
4. Material should be assessed in terms of human
risk rather than "safe" or "unsafe".
The EPA set the trihalomethane (THM) rule on February
28, 1983 about the best technology, treatment techniques,
taking costs into consideration. This rule applies to all
public water systems that serve more than 10,000 persons and
specifies what treatment methods a system may be required to
install and/or use to come into compliance with the
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trihalomethane's maximum contaminant level. In this rule,
the EPA identified only chlorine dioxide and chloramine as
acceptable alternative disinfectants.
When we look upon the history of chlorination which has
been believed to be a safest disinfectant for a long time,
the following questions come to mind.
1. Are chlorine dioxide and chloramine really acceptable
alternatives of chlorine
2. Are these alternatives really as easy to handle for
operators as well as chlorine
3. Isn't it necessary to remove the THM group from the
drinking water for providing risk-free drinking
water 7
This paper reviews these concerns on municipal drinking
water supply and evaluates the EPA's chlorinated by-products
policy as follows:
Chapter 1: Literature review of drinking
water disinfection.
Chapter 2: Reviews the substances of concerns in
drinking water .
Chapter 3: Reviews the history of chlorination and the
characteristics of ideal chemical disinfectant.
Chapter 4: The case study at Huron by EPA.
Chapter .L 6. Z: How they can be controlled.
Chapter 8: Describe EPA's regulatory and rule making
policy change concerning THM.
Chapter 9: Assessment of the Granular Activated Carbon as
9
the ultimate method for removing the THMs from
drinking water from the stand point of benefit-
cost analysis.
1.2. REVIEW OF THE LITERATURE OF DRINKING WATER DISINFECTION
Since Kleeper and Fairless' first discovery of
chlororganics in municipal drinking water in 1972, a number
of studies have been done on drinking water disinfection
problems. The following studies are the cornersones of our
understanding of this problem.
In 1975, the EPA concluded that trihalomethanes in
drinking water were due to chlorination practice. In 1977,
Hoehen, et. al. provided the first indication that algae may
be important as trihalomethane precursors. In 1977, Tardiff
discovered several significant facts about quantitative
carcinogen risks to man and mouse.
In the following year, the EPA set the maximum
contaminant level of 0.1 mg/l THM for systems serving more
than 10,000 persons. In 1983, the EPA set the final rule
for the best technology, treatment techniques but Granular






1974 Beller, et. al.
1975 Symons, et al.
EPA
1975 Glaze





First discovery of chlororganics in
municipal drinking water from the
Ohio river
The presence of organochlorine
compounds and some brominated
hydrocarbons in tap water and
detected trihalomethane level as low
as 0.5-1 ppb
The correlation of organic content
of water to final trihalomethane
concentrations
National Organic Reconnaissance
Survey (NORS) concluded that the
presence of trihalomethanes in
finished water was due to
chlorination practice
Although trihalomethane does not
result from chlorination of
sewage, he has shown evidence for
three chlorinated acetone
derivatives that are possible
precursors of chloroform
Significant quantities of
halogenated methanes do not result
from the chlorination of ammonia-
containing sewage
Supported the hypothesis that there
is a link between carcinogens in
drinking water and cancer mortality
Clearly established a relationship
between organic content of natural
colored waters (fulvic and humic





1977 Coleman, et al.
1977 Hoehn, et al.
1977 Hoehn, et al.
1977 Hoehn, et al.






Found 72 volatile organic compounds
in the finished waters, including
chloroform, bromodichlomethane,
dibromochloromethane, and bromo-form
On the Occoquan Reservoir chloroform
was found to be the volatile organic
appearing in highest concentrations
r
Discussed the !parado( of trying to
protect public health by
chlorination
Provided the first indication that
algae may be important as
trihalomethane precursors
Concurred that humate sources of
trihalomethane precursors may have
algal precursors superimposed upon
them in spring and summer
Chloroform has produced tumors in
more than one species (mouse and
rat)
Quantitatively man and mouse appear
to metabolize chloroform by similar
pathways
Concluded that hepatotoxicity in
humans may require oral doses of
greater than 1 mg/kg/day but less
than 25 mg/kg/day
Recommended the maximum chloroform
concentration in tap water should be
less than 70 ppb to ensure a dose of
less than 0.01 mg/kg/day
The reaction producing chloroform
from chlorination disinfection is
not an instantaneous reaction but it







1979 Hoehn et al.
1979 Babcock/Singer
1979 Moore, et al.
1978 EPA
1983 EPA
Postulated that the major mechanism
for production of trihalomethanes by
chlorination of organic matter in
water is the classical haloform
reaction
The presence of bromide increases
the yield of trihalomethanes for a
given chlorine dose
Algae in exponential phase of growth
yielded higher amounts of
trihalomethane precursors than
during other phase of their life
cycle
There was a liner relationship
between amount of total organic
carbon (TOC) present and chloroform
produced
Chlorine dose was a major factor
influencing variations in the
chloroform levels of 19 chlorinated
water supplies
Set the maximum contaminant level of
0.10 mg/1 total trihalomethanes
(MCL) for systems serving more than
10,000 persons




TRIHALOMETHANES IN DRINKING WATER
2.1 FORMATION OF TRIHALOMETHANES
The EPA set the THMs regulation of maximum contamination
level (MCL) as 0.1 mg/l for the sum of four trihalomethanes.
Chloroform and THMs are only some of the major products of
chlorination but they happen to be relatively easy to
analyze. THMs are ubiquitous and we can thus use them as
indicators of the general contamination that result from
chlorination.
As reviewed in the previous chapter, there are rapid
developments in THMs" studies. The following list summarizes
our present knowledge concerning the formation of occurrence
of trihalomethanes (THMs) in drinking water:(98)
1. The trihalomethanes are generally not found in raw
water sources but are found almost ubiquitously in
finished water supplies where chlorination is used.
2. The trihalomethanes are formed in the process of
treatment by a reaction often symbolized as follows:
HOX + "Precursors" CHX3, (X = Cl, Br) (1)
where CHX3 is the general formula for THM's.
This is an incomplete description of prevailing
chemistry.
3. Bromine enters into the reaction by oxidation of
naturally occurring bromide by hypochlorous acid
(HOCl), the active chlorinating agent in water
Br + HOCl HOBr + C1 (2)
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Hypobromous acid, HOBr, is formed in this process and
competes for precursor molecules with HOC1.
4. "Precursor" is a general term expressing all possible
types of chemical species which may react with
hypohalous acids to yield trihalomethanes (THMs).
While the chemical identity of these precursors is
unknown, and may never be known, they appear to be
naturally occurring organic compounds rather than
man-made (synthetic) compounds. Natural compounds
or compound classes which have been shown to act as
precursors include humic and fulvic acids from soils
and aquatic sources, plant pigments, and algal
extracellular products.
2.2. NATIONAL ORGANIC MONITORING SURVEY (NOMS) (29)
The EPA conducted the National Organic Monitoring
Survey (NOMS) in 1977 to determine the frequency of
occurrence of specific contaminants in drinking water
supplies in 113 cities. (29) In addition NOMS was to
provide data for the possible establishment of additional
maximuirm contaminant levels for organic compounds or for a
treatment requirement for the control of organic compounds in
drinking water. The NOMS data (Table 2) shows that THM
(chloroform, bromodichloromethane, dibromochloromethane,
bromoform and dichloroiodomethane) are the most
ubiquitous synthetic organic contaminants in drinking water
and that they also occur at the highest concentrations (up
15
to 784 ppb THM potential were detected). They are
produced by chlorination durinq treatment of their naturally
occurring precursor-probably humus, but possibly algae and
other chemicals as well considerable amounts of THM can form
in the water after entering the distribution system and on
its route to the consumer. In many instances,
2,4-dichlorophenol has also been found after chlorination.
It showed further that THM's far exceed the
concentrations of other detectable synthetic organic
contaminants in finished drinking water and that brominated
THM's could also exceed the chloroform concentrations. As
shown in Table 2, which summarizes the results of the NOMS
study, chloroform has been found in water supplies at levels
as high as 0.54 mg/l with TTHM levels reaching 0.695 mg/l.
Trihalomethane Results from National Organics
Monitoring Survey (NOMS) (29)
Concentration (mg/1)




































































*NF = not found
**LD = less than detection limit.
phasel = stored at 2-8 centigrade for 1-2 weeks before
analysis
phase2 = stored at 20-25 centigrade for 3-6 weeks before
analysis
phase3 (dechlorinated)
= immediately dechlorinated with sodium thiosulfate
phase3 (terminal)





As discussed in Chapter 2, the current concerns in
municipal drinking water supply focus on the formation of
trihalomethanes (THMs) and their adverse health effects.
These concerns have been proved to be real and important.
Equally important, but often disregarded are the positive
aspects of water chlorination. (43) This chapter reviews the
history of chlorination and its benefit to public health.
.1 HISTORY OF CHLORINATION
Chlorine was first used as a disinfectant in France
and England around 1800.(9) Sodium hypochlorite had become
well-recognized as a disinfectant and deodorizer early in the
1800s, and was in fact used for deodorizing sewage in London
i'n 1854. At that time, however, the nature of disinfection
was not associated with microorganisms, but was considered
a process that merely arrested putrefactive changes. It was
not until the end of the century that disinfection of
drinking water via chlorination came into its own. In 1897,
during a typhoid fever epidemic, chlorination was employed
as a temporary emergency measure in England. The first
liquified chlorine gas was introduced in the US in 1910, in
the same year it was applied to the Fort Meyer, Va., supply,
in 1912 to the Niagara Falls, N.Y., supply.
As shown in Figure 1, the crude death rate for typhoid
fever in the United States in 1900 was 31.3/100,000
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population while by 1940 the rate was 1./O10,00. These
rates correspond to 23,817 and 1317 deaths respectively. By
19611 the total number of reported deaths from typhoid fever
was 17. If the death rate of 1900 had continued to the








Figutre 1: Crude death rates for typhoid f'ever
in the USA from 1900 to 1940 (43)
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2. THE TECHNOLOGY OF DISINFECTION
The purpose of the disinfection of water is to destruct
disease-causing organisms. Typical waterborne
bacterial diseases are typhoid, cholera, paratyphoid, and
bacillary dysentery. The most common disinfectants are
oxidizing chemicals of which chlorine is the most universally
used. Chlorine dioxide (Cl02), is also applied to water
treatment plants and has an oxidizing power about 2.5 times
as great as that of chlorine alone. Because chlorine
diox ide is quickly taken up by organic matter in the water,
its use is restricted to nonpolluted waters in which its
bactericidal values can be utilized more fully. Because
of the explosiveness of chlorine dioxide, it must be produced
at the site of application.
The requirements for an ideal chemical disinfectant are
reported in Table 3. (27) As shown, an ideal disinfectant
would have to possess a wide range of characteristics.
Although such a compound may not exist, the requirements set
forth in Table _ should be considered in evaluating proposed
or recommended disinfectants. To water engineers, it is
also important that the disinfectant be safe to handle and
apply, and that its strength or concentration in treated
water be measurable so that the presence of a residual can be
determined.
20




















Should have a broad spectrum of
activity of high dilutions
Must be soluble in water or cell
tissue
Loss of germicidal action on
standing should be low
Should be toxic to organisms and
nontoxic to man and other animals
Solution must be uniform in
composition
Should not be absorbed by organic
matter
Should be effective in
environmental temperature range
Should have the capacity to
penetrate through surfaces




Should have cleansing action to
improve effectiveness of
disinfectant
Should be available in large
quantities and reasonably priced
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REACTION OF CHLORINATION (96)
Chlorine is used as an oxidizing agent in water
treatment plants for the -removal of odors, reduction of
biochemical oxygen demand (BOD), and as a disinfectant.
Each mg/l of chlorine reduces BOD by around 2 mg/1 (Dugan,
1978). Dugan noted that the effectiveness of chlorine
depends on many factors, such as the amount and type of
dissolved organic matter, temperature, pH, and the types of
microorganisms to be destroyed. Also, the functional
properties of chlorine as a disinfectant depend upon the
amount of available chlorine in solution, called the residual
chlorine.
Dugan has described the reaction involved in the
chlorination process. Gaseous chlorine dissolves and reacts
with water to form hypochlorous acid:
Cl2 + HOH * HOCl + H + Cl
The hypochlorous acid (HOCl) is a weak acid which can
(depending upon the pH) dissociate when dissolved in water to
form the hypochlorite ion:
HOCl OCl + H
The HOCl and OCl have germicidal properties and together
with C12 are termed "free chlorine". The OCl has very weak
germicidal properties compared to HOC1.
Chlorine reacts readily with many impurities in water
and some of these reactions decrease the amount of chlorine
available to inhibit microorganisms. Ammonium (NH4+) or
ammonia (NH3) react with chlorine to form chloramines.
Chloramines have germicidal properties but they are much less
effective than free chlorine (Hoehn et al., 1977). The term
"combined chlorine residual" refers to the chlorine that is
in the form of chloramine form. The term "available chlorine"
includes both the combined and free chlorine. Chlorine-
consuming chemicals in water exert a "chlorine demand" that
must be met before a free chlorine residual can be maintained
in the water.
CHAPTER 4
THE CASE STUDY AT HURON, SOUTH DAKOTA (2)
4-1. OBJECTIVES OF THE CASE STUDY
The EPA studied the Huron case in 1977, and their main
purpose of this study was to find the answer to the question:
What are the substances of concern 7
Among those 80 cities, Huron, South Dakota had the
dubious distinction of having the highest concentration of
bromodichloromethane (116mg/1) as well as the second
highest concentration of chloroform (309mg/l). Consequently,
the EPA selected this case and set the objectives of the
studies as follows:
(a) To qualitatively and quantitatively analyze the
Huron water supply to more precisely define the
problem of contaminations by chloroform and other
related halogenated hydrocarbons.
(b) To establish the source of these compounds
(c) To find a means of water treatment which would
effectively reduce the concentrations of these
compounds.
4.2. TREATMENT METHOD
Water treatment at Huron consists of chemical addition,
sedimentation, flocculation,, clarification, recarbonation,
filtration and chlorination. A process schematic is shown
in Figure 2. A more detailed process description is
described at Table 4.
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Table 4: Process description at Huron water treatment plant













Raw water is pumped from an intake
located- about 100' upstream from a
small dam.
Rapid dispersion of potassi um
permanganate, activated carbon alum,
and a polyelectrolyte (Nalco 607).
Settling of about 1 hour duration at
a flow of 6 MGD.
Initial chlorine doseapproximately
6 to 7 mg/1. Point of application
revised during study period.
Chemical dispersion of lime, soda
ash (occasionally), and sodium
aluminate (Nalco 617)
Gentle stirring of the
waterchemical mixture. Detention
time at 6 MGD is about 1.5 hours.
Settling of slightly more than 2
hours at a flow of 6 MGD.
Adjustment of pH with C02 to obtain
a stable water. Fluoride for the
control of dental carries and
polyphosphate (Nalco 918) are
added at this basin. The
prechlorination dose was moved
to this location in late April 1976.
Filtration process using anthracite
medi a.
A final chlorine dose for
disinfection.
Short term water storage at the
treatment plants.
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4.3. CONCLUSIONS OF THIS CASE STUDY
The investigation at Huron has provided valuable insight
into the formation of haloforms under actual water treatment
practices. The following conclusions were drawn from the
study:
1. The haloForms form during and after water treatment.
They were found to form in high concentrations at
the point of chlorination and lime addition.
2. The potential chloroform concentration at Huron
remains high, in the range of 200 to 325 ppb.
However, the relocation of the prechlorination dose
to a point following recarbonation resulted in a
significant reduction in the chloroform
concentration.
The mechanism of chloroform formation is strongly
pH dependent, and the chloroform concentration in
the clear well closely follows the effluent pH.
4. Lowering of the effluent pH below 9 is limited by
problems of water stability.
5. Haloform concentrations continue to rise after
entering the distribution system.
6. The ultimate solution to the problem of haloForm
formation is precursor removal, but a more practical
solution is to prevent their formation during the
treatment process.
7. The mechanism of bromodichloromethane formation does
not appear to be strongly pH dependent.
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4.4. RECOMMENDATIONS OF EPA STUDY.
Recommendations which evolved from the study are:
1. The disinfection should continue at the revised
location.
2. Additional data on bromodichloromethane formation
should be gathered. This constituent was not
significantly reduced in this study.
Additional work should be done on the aftergrowth of
haloforms within the distribution system.
4. Identification of the precursor source(s) should be
considered in an attempt to reduce the potential for
chlorinated hydrocarbon formation. Possibilities to
be evaluated should include:
a. point sources upstream
b. the local practice of disposing of dead
animals in the stream
c. precursor increase from biological growth in
stagnant water
d. agricultural runoff as a precursor source
5. Alternate methods of disinfection should be
considered such as the use of ozone, chloramines and
chlorine dioxide.
4.5. SUMMARIES
This case study proposed several important facts.
Those are:
(1) Point of chlorination moving is the good
alternative.
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(2) It is difficult to control chloroform and
bromodichloromethane by only pH adjustment.
(3) Alternate method of disinfection should be
considered.
According to the recommendations of this study, the EPA
investigated the ozonation process in the next year's case





5.1. AN ASSESSMENT OF OZONE TECHNOLOGIES FOR TREATMENT
OF MUNICIFL WATER SUPPLIES. (1)
In the growing attention to the ozonation process as an
alternate method of disinfection, the EPA investigated the
ozonation plant in Europe. Many of the European countries
have long been faced with the necessity of producing safe
drinking water from chemically polluted raw water sources. As
a result, there has been extensive development of drinking
water technology in Europe.(1) Ozonation is the typical
treatment method of drinking water.
The cornerstone of European water treatment philosophy
is the desire to produce drinking waters that are free from
chlorinous or other undesirable tastes and are chemically and
bacteriologically safe. Actually, West European countries
are searching continuously for groundwater supplies or water
from mountainous areas which are relatively pure and require
little or no treatment prior to distribution. Table 5
shows the operational plants using ozone and Table 6
shows the application of ozone in water treatment in Europe
and Table 7 shows costs of ozonation at European drinking
water plants and Figure 3 shows the typical points of
application of ozone in drinking water processes.
Table 5: OPERATIONAL PLANTS USING OZONE -- 1977































*Includes expansions. Actual number of operating
plants in Canada equals 20, with 3 more under
construction
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Oxidation of Soluble Iron and/or Manganese





Removal of Organics (Oxidation) such as pesticides
Detergents
Phenols
Removal of cyanides (Oxidation)
Suspended Solids Removal (Oxidation)
Preparation of Granular Activated Carbon
*The superb characteristic of ozonation is strong
oxidation power. Therefore, ozone is good at
cutting the double bond of molecules' but not good
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TABLE 7 COSTS OF OZONATION AT EUROPEAN DRINKING WATER PLANTS
Plant water ozone capital capital amortization av. dosage ozonation electrical
treatment generation cost of cost/lb period (yrs.) of ozone operating cost (C/kwhr)
capacity capacity ozonation* of ozone (mg/i) costs
(mgd) (lbs/day) generation (c/1000 gal)**
capacity
Tailfer




Switzerland 66 1742 $1,120,000 $ 643 20 1.5 1.75 2.0
Large
Automated
Paris Plant - - - - 20 2.5 2.76 2.1
Several
French
Plants - - - - 10 1.5-3.0 3.95 3.12
*includes air preparation equipment, ozone generation, ozone contacting, treatment of off-gas ozone,
instrumentation, installation and housing for ozonation system (including contact system)
**includes operation, maintenance and amortization
('4
5.2. THE E'vALUATION OF THE OZONATION PROCESS
As shown in Table 5 ozone is used as a water
disinfectant in more than 1,000 facilities in Europe. It
is generally agreed that the ozonation of drinking water
does not produce trihalomethanes.(17) However, the
investigation of organic oxidation products of ozone began
only recently.
Graze reviewed (32) the ozonation of pure compounds as
well as the by-products of water ozonation. In one plant
several aldehydes (n-hexanal, n-heptanal, n-octanal, and
n-nonanal) were identified, while in another plant a number
of hydrocarbons (n- hexane, n-heptane, n-octane, and n-
nonane) also were found. The formation of epoxides and
organic peroxides, which are known to be hazardous, is
suggested strongly by the dissociation of ozone. Studies on
toxicity of ozonation and products also are meager. At
present it is not known what the organic end products of
ozonation are nor what their health significance may
be, collectively or individually. It is certain that because
of the production cost of ozone, mostly depending upon
electricity, ozonation cannot be a feasible alternative to
disinfection.
CHAPTER 6
CHLORINE DIOXIDE DISINFECTION AND
GRANULAR ACTIVATED CARBON ADSORPTION (95)
6.1. OBJECT OF THE STUDY
In late 1974, the EPA selected Evansville Water Works
Filtration Plant, located on the Ohio River, about one mile
upstream from the city of Evansville, as the study site. The
EPA conducted the chlorine dioxide disinfection and the
granular activated carbon adsorption research study to
evaluate chlorine diox<ide as a viable alternative to chlorine
for drastically reducing or preventing the production of
trihalomethanes (THMs). Also, the EPA investigated the
effectiveness of virgin and reactivated granular activated
carbon (GAC) for removal of organic compounds present in the
source water, as well as any formed after disinfection.
6.2. Treatment Plant Design and Operation
6.2.1. Evansville Water Works Filtration Plant
The south plant of the Evansville Water Works was used
as a control of this study. The south plant (Figure 4 )
consists of two primary settling basins, two secondary
settling basins, and eight rapid sand filters. Chlorine and
alum were added before primary settling with average
concentrations of 6 and 28 mg/1, respectively. A free























The raw water of the Ohio River was supplied to the
pilot plant and was disinfected, then treated with alum and
polymer for turbidity removal (Figure 5) and treated by the
following system such as flocculation, settling tube and GAC
contactor. The design parameters for the pilot plant that
were used in the study consist of
Flow rate 0. 38 m3/min.
Rapid mix chamber 1.1 m3 volume
Flocculator 3.4 m3 volume
Tube settler 4.2 m3 vol Lime
Mixed media filter 1.9' m2 surface area
GAC contactor 0.97 m diameter
Clear well 17.0 m3 volume
Reservoir 11 m * 5.6 cm
6.3 Conclusions
A summary of conclusions from this study are:
1) Chlorine dioxide and chlorine provide similar
disinfection qualities through conventional treatment
2) Chlorine dioxide requires a lower mass dose to
produce effective disinfection as compared to
chlorine
3) Average of 51 ppb THM production by chlorine dioxide
and 130 ppb with chlorine.
4) Chlorine dioxide disinfection did not produce any
organic by-products other than those noted chlorine










5) Spent GA^C was subsequently reactivated three times
and restored to virgin state
6) Loss incurred during GAC reactivation were about 5 %
with overall system losses (education, handling,
transport and reactivation) averaging about 8 %
7) Both chlorine and chlorine dioxide were effectively
removed by the GAC and the chlorite was partially
removed
8) The use of chlorine dioxide as the primary raw water
disinfectant is a viable alternative to chlorine
disinfection in some situations for reducing the
trihalomethane concentrations.
6.4 RECOMMENDATIONS
1) Comprehensive studies of health effects should be
undertaken to evaluate the extended use chlorine
dioxide as a alternative to chlorine for drinking
water disinfection.
2) The production of chlorine dioxide needs improvement.
Although several methods are available by various
manufactures, work needs to be done on improving
these procedures so that less, and preferably no,
chlorite or chlorine is produced.
3) An analytical method for the determination of
chlorate that can be used effectively by water works
chemists needs to be developed.
4) The use of chlorine dioxide only as a raw water
disinfection should be considered for reduction of
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trihalomethane concentrations at Evansville, Indiana.
6.5. SUMMARIES
This case study shows that chlorine diox ide reduces the
THM production about two-thirds of that of chlorine, and also
GAC was subsequently reactivated three times. Reactivating
the GAC is not a new technology but for the drinking water
supply practice, it is relatively new because activated
carbon has been used only once- in the drinking water
treatment in order to maintain the pure non-contaminated
granular activated carbon state.
Two-thirds reduction of THM by a chlorine is a
significant effect. However, when compared with the reduction
rate of GAC, conservatively 90 X and usually more than this,
it is not such a significant rate. Rather we should think it




TECHNOLOGIES AND COSTS FOR THE REMOVAL OF
TRIHALOMETHANES FROM DRINKING WATER (97)
7.1. NATIONAL INTERIM PRIMARY DRINKING WATER REGULATIONS:
TRIHALOMETHANES
The EPA promulgated the Total Trihalomethane (TTHM)
regulation in November 1979, specifying Max i mum
Contamination Level (MCL=0.1 mg/1) and monitoring
requirements for all public water systems serving 10,000 or
more persons.
This rule did not identify what were the best generally
available treatment methods that a system subject to this
rule be required to install and/or use to comply with the
TTHM MCL. The lack of definition of available or potentially
available treatment methods for reducing levels of TTHMs has
raised concerns among the regulated community as to whether
public water systems not in compliance with the TTHM MCL
would be required to install an/or use all of the available
or potentially available treatment methods in order to come
into compliance with the TTHM MCL.
To dispel the ambiguity surrounding the issue, the
Agency has proposed a rule for amending the Safe Drinking
Water Act implementation regulations. The EPA's "Technologies
and Costs for the Removal of Trihalomethanes from Drinking
Water" supports the proposed rule and defines the best
generally available treatment methods for reducing TTHMs,
taking cost into consideration.
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7.2. THE DEFINITION OF AVAILABLE OR POTENTIALLY AVAILABLE
TREATMENT METHODS FOR TRIHALOMETHANE REMOVAL
In identifying the best treatment methods generally
available, the EPA has considered available or potentially
available technologies. These technologies are presented in
the following categories.
I Best Generally Available Treatment Methods for
reducing TTHMs.
II Additional Treatment Methods for Reducing TTHMs.
III Granular Activated Carbon (GAC) and Biologically
Activated Carbon (BAC).
Definitions for each technology described above are
summarized in the following section.
7.2.1. Best Generally Available Treatment Methods for
Reducing TTHMs
(1) Use of Chloramines as an Alternate or Supplemental
Disinfectant or Oxidant
(2) Use of Chlorine Dioxide as an Alternate or
Supplemental Disinfectant or Oxidant
(3) Improved Existing Clarification For THM Precursor
Removal
Conventionally, clarification is employed for
turbidity rather than THM precursor removal. The pH,
coagulant dosage and mixing conditions may be
substantially different for removing THM precursors
than for removing particulate matter, although an
improvement in THM precursor removal usually
improves turbidity removal. Consequently, humic and
fulvic acids commonly found in surface waters, known
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to include THM precursors are also removed.
Laboratory studies have shown that 90% and 60%,
respectively, of humic and fulvic substances can be
removed by coagulation.
(4) Moving the Point of Chlorination
Shifting the chlorination point will best reduce
TTHM levels if a high percentage of THM precursors
are settled out during clarification.
(5) Use of Powdered Activated Carbon (PAC) at Dosages
Not to Exceed 10 mg/1 on Annual Average Basis.
7.2.2. Additional Treatment Methods For Reducing
Trihalomethanes
(1) Off-Line Water Storage
The purpose of this method is to allow solids to
settle out, thereby putting less load on the
treatment process, to mitigate extreme change in
water quality resulting from storm water runoff.
(2) Aeration for TTHM Reduction
Aeration may be a suitable treatment alternative in
waters where it is not feasible to eliminate pre-
chlorination and where the majority of TTHMs form
before the aeration step.
(3) Introduction of ClarificatioA Where Not Currently
Practiced
The addition of this process may substantially
remove additional THM precursors while also
improving other aspects of water quality.
(4) Alternate Source of Raw Water
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Technical feasibility and economic reasonableness of
an alternate source of raw water are site-specific
considerations.
(5) Ozone as an Alternate or Supplemental Disinfectant
or Oxidant
7.2.3. Granular Activated Carbon (GAC) and Biologically
Activated Carbon (BAC)
(1) Granular Activated Carbon (GAC)
About 41 water treatment plants in the U.S. control
taste and odor problems by use of GAC in conjunction
with other granular media in the filter bed. This
process can be used either for the sand replacement
mode or post-filter contactor mode.
(2) Biologically Activated Carbon (BAC)
Granular activated carbon preceded by ozonation has
been called biologically activated carbon (BAC)
because of enhanced biological activity on the
carbon bed.
7.3. NATIONAL ECONOMIC IMPACT
As shown in Figure 6 , the proposed amendments are
estimated to decrease capital expenditure requirements by 53
percent from $107.5 million to $50.9 million. This decrease
in capital expenditure results primarily from the elimination
of the assumption that activated carbon would be used as a
technology to control TTHMs. Operation and maintenance
expenses are expected to be less affected by the proposed
amendments and are estimated to decrease by only 13 percent
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from $22. 1 million to $19.3 million.
National cost estimates were based on the costs of the
ten group I and group II methods for reducing TTHM levels.
The results of the analysis of selection of compliance
strategies are shown in Figure 7.
7.4. EFFECT OF INPUT CHANGES ON THE ESTIMATE DEVELOPED IN
1979
The cost of the TTHM regulation estimated in the 1979
analysis (updated to 1982 dollars) are somewhat lower than
the cost of the same regulation estimated in 1981, but the
number of systems affected in the 1981 analysis is only one
half the number of systems assumed to be affected in the 1979
analysis (Table 8 & Figure 8 ,* 9). This is because
water quality data were obtained from the Community Water
Supply (CWSS) in 1981, while the 1979 analysis data were
based on the National Organics Monitoring Survey (NOMS).
7.5. Summary
This study analyzed the cost function of the three
different categories: best generally available, additional
method and GAC and BAC method. The THM final rule, on
February 28, 1983 incorporated this study. We will see the
cost curve of each of the alternatives and rules and
regulations in the next chapter.
Figure 6
NATIONAL COSTS OF THM REGULATION
COMPARISON OF COSTS OF 1981 AMENDED IMPLEMENTATION REGULATIONS
TO COSTS OF 1979 REGULATION















DECISION TREE FOR THE THM
AMENDED IMPLEMENTATION REGULATIONS
Numbers contained in each box indicate the number of
systems determined as likely to be on each path of the
decision tree. - 4
1 Represents the total number of systems serving over
10,000 people (3078) minus those systems which
purchase their water (468).
Includes systems that also modify procedures.
5 Includes cost of Group I technologies installed by
systems that also install a Group 11 technology.
2 Does not surn to total of treatment categories due to
rounding errors in combining treatment categories. 6 Systems receiving a variance first install a Group I
technology but determine after a study that a Group If
Indicates changing chlorination point and/or improv- technology is not feasible or cost-effective.
ing clarification.
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Table 8: Comparison between the number of affected systems
in the 1979 and 1981 analysis of the THM
Regul ations
1979 Analysis 1981 Analysis
FRDS, NOMS FRDS, CWSS
Number Percent Number Percent
All Systems 2685 100.0% 3078 100.0%
Systems Chlorinating
with THM levels
>0.25 mg/1 36 1.3% 32 1.0%
0.15-0.25 mg/1 50 1.9"/. 73 2.4%
0.10-0.15 mg/1 429 16.0% 137 4.5%
Total >0.10 mg/i 515 19.2% 242 7.9%
<0.10 mg/i 1465 54.6% 2037 66.2%
Total Systems
Chlorinating 1980 73.7% 2279 74.0%
No chlorination- 705 26.3% 799 26.0%
SOURCE: EPA, "Technology and Costs For The Removal
of Trihalomethanes From Drinking Water"
February, 1982. (97)
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Flg.8 THM LEVELS AT 1979 REGULATIONS




Fig. 9 THM LEVELS AT 1981 REGULATIONS
ALL SYSTEMS - 3,078 (CWSS)
>010 mg/l (7.9%)





8.1. EPA'S RECOMMENDATION FOR THE BEST TECHNOLOGY,
TREATMENT, TECHNIQUES OF TRIHALOMETHANE (5).
The EPA set the final THM rule on February 28, 1983 for
the best technology, treatment techniques or other means that
the Administrator of the EPA found to be generally available,
taking costs into consideration. This rule applies to all
public water systems that serve more than 10,000 persons and
specifies what treatment methods a system may be required to
install and/or use to come into compliance with the
trihalomethane's maximum contaminant level. These
recommendations by the EPA are, (as described in the previous
chapter:
I. Best Generally Available Treatment Method:
(a) Use of chloramines as an alternate or
supplemental disinfectant or oxidant.
(b) Use of chlorine dioxide as an alternate or
supplemental disinfectant or oxidant.
(c) Improved existing clarification for trihalomethane
precursor reduction.
(d) Moving the point of chlorination to reduce the
trihalomethane formation and, where necessary,
substituting for the use of chlorine as a pre-
oxidant chloramine, chlorine dioxide or potassium
permanganate.
(e) Use of powdered activated carbon for trihalomethane
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precursor or trihalomethane reduction seasonally
or intermittently at dosages not to exceed 10 mg/i
on an annual average basis.
II. Additional Treatment Methods





III. Granular Activated Carbon (GAC) and Biological Activated
Carbon (BAC)
8.2. ALTERNATIVE SELECTIONS FOR THE MUNICIPALITIES AND THEIR
COST IMFACT
After promulgating the THMs final rule by the EFA,
municipalities have faced the choice of technologically
different and also economically different alternatives for
their THM control system.
Table 9 is a summary of the treatment cost for the THM
control. Figure 10-11 shows the variances for the treatment
cost for different plant size. Due to the economic scale,
both figures show the size of the impact for small and large
plants, compared with small size plants.
Figure 12 shows the treatment cost for THM control as to
Group I. From this figure it is easy to understand that C.D
(Chlorine Dioxide) and M.cla (Modified Clarification) have
the same tendency curve and PAC is the smallest constant cost
impact from small plant to large plant.
SUMMARY OF TREATMENT COSTS FOR THM CONTROL



















































































SOURCE: EPA, "Technology and Costs For The Removal
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8.3. Question on alternative disinfectants. (17)
As described in the previous section, the EPA identified
only chlorine dioxide and chloramine as acceptable
alternative disinfectants. It is interesting that the EPA did
not include the ozonation and GAC process in their best
generally available treatment methods recommendation.
In fact, in 1980, the.EPA requested the National
Academy of Sciences to review the efficacy of
disinfectant. Their conclusions were that only chlorine
dioxide and ozone were acceptable alternative disinfectants.
Chlorine dioxide is used in the USA primarily for taste and
odor control rather than for disinfection. Because of
the explosiveness of chlorine dioxide, it must be produced
at the site of application by reduction of sodium chlorate
or, as is usual in water treatment practice, by chlorination
of sodium chlorite. Greenberg (17) indicates that adding
chlorine dioxide alone resulted in no production of
trihalomethanes but unfortunately the case is not that simple
because other organic compounds are formed. Human health
effects of these compounds are unknown. More obvious, and
possibly more significant are the toxic effects of chlorine
dioxide itself and their inorganic reaction products, the
chlorite (C102 )and the chlorate (C103 ) ions. Calabrese and
his co-workers summarized that there is insufficient evidence
to accept chlorine dioxide as a suitable replacement for
chlorination as the prime means of disinfection at the
present time.
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8.4. ELIMINATION OF GAC FROM THE BEST GENERALLY AVAILABLE
TREATMENT METHOD
The EPA's determination not to include GAC and BAC in
Group I or II took into consideration costs that might be
involved, in their explanation (5), but primarily was made
due to the complexities of the modifications prior unit
operations (i.e.,disinfection) and in the logistics of the
carbon replacement.
Is GAC really an expensive treatment system for human
lives exposed to a carcinogen risk 7





9.1. QUANTITATIVE ANALYSIS FOR EVALUATING BENEFITS AND COSTS
Page, Harris and Bruser (93) discussed the methodology
of evaluating benefits and costs for GAC. They emphasized the
difficulty of accounting to be satisfactory for the
distributional or equity effects across generations. One
approach that appears to be fair to future generations is the
steady state comparison test, which was also used in both the
National Academy of Sciences and the Council on Wage and
Price Stability studies. The first seventy years or so after
the installation of GAC can be considered as a transition
period during which the cancer rate declines (Fig 13); during
this time the benefits of GAC grow while the costs remain
relatively constant. After seventy years the rate of benefits
to costs remain fairly steady.
9.2. MODEL BUILDING
According to the methodology described in the previous
section, Table 10 has been created.
The following is an explanation of each column.
Column 1: Year
A time horizon of 100 years was chosen in
order to capture the stream of benefit.
Column 2: THM hazard people (refer to Figure 12)
In the year the GAC treatment started its





supplied the THM contaminated water suffered
from the potential carcinogenic risks. This
number decreases according to the
sum of the Natural Death and Excess Cancer
Death number caused by THM.
Natural Death
THM hazard people have a normal life
expectancy of 70 years, and the entire
generation of THM hazard people, consisting of
a uniform number of people for all represented
years, counts for a constant number of natural
deaths from this group every year.
Excess Cancer Death Number (refer to Figure
14) There are several reports about this risk
estimate. (Table 11 & 12) This column counts
the number of people of the THM hazard group
who die due to the THM caused cancer.
Number of Life Saved
According to the assumption of a 90% GAC THM
removal ratio from the drinking water by GAC,
this number is given as
POP. * Cancer Rate - Cancer Death Number > = 0
These "number of lives saved" creates a
minimum number for the first 5-6 years. This
is because cancer death number (Column 4)
includes 10% of excess cancer death numbers
from the new generation born after the GAC
5=9
plant's operation.
Column 6: Maintenance and Operation Costs of the GAC
Plant. This is constant, $1.4 million in this
case.
Column 7: Discount Rate
1
(1+i)'~n
Column 8: Discount Maintenance and Operation
(col.6) * (col.7)































Fig1 3THM hazard people number
Smdi Sim Plant Pop.<10,000
20 30 40 60 6O 70 80
YEAR
+ NON THM POP.
Fig 14 Death & Ufe Saved Number
Siai SIXs Plant Pop.<i0.Q0Q
90 100
60 70 80 90 1000 10 20 30 40 50
YEAR
0 THM Death + Life Saved
Table 1: Spread Sheet Analysis for GAC Cost Per Life Saved
(small plant)
THMHazard Pop. NO. Di scount
THM --------------- of Plant ------------------
Hazard Natur'l Excess Life M&O M&O Life




















































































































































































































(1) Discounted Cost/Life Saved
(2) Steady State Cost/Life Saved
(3) Population
(4) Excess mortality Rate









9. 3. RISK ESTIMATES BASED ON ANIMAL AND EPIDEMIOLOGICAL
EVIDENCE (93)
Page, Harris and Bruser summarized the risk estimates
from animal and epidemiological studies of different
researchers. Table 11 and Table 12 show the results.
Table 11: Summary of Risk Estimates from Animal Studies (93)
Cancer per Mil. Population Annually
Surface area Lifetime Accum-
Model Method rated dose method
New Orleans 23 102









Louisiana (Mississippi River water) 250
80-city survey of chloroform (250 ppb) 22-55
New York counties (chlorinated water) 240-340
As shown in Table 11 and Table 12 there is approximately
one order of magnitude difference between the risk estimate
based upon the epidemiological studies of the Mississippi
River and chlorinated drinking water in the state of New
York.
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9.4. COST OF GAC TREATMENT
Page, Harris and Brusel analyzed the cost of removing
the organic compounds with GAC. According to their analysis
the annual costs per resident of GAC are shown in Table 13
Table 1:3: Annual Cost per Resident of GAC costs in 1978
dollars (93)
System size (population served)
Small Medium Large
Increase in annual 75,000- 100,1000- over





















18-min. contact time 1,418,310 2,632,000 10,259,000
9.5. RESULTS
Table 14 shows the setting sheet of the variables for
the quantitative analysis.
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Table 14: Setting Sheet -for the Variables for the GAC
~ Calculations
Category Population 0 & M Excess Cancer Risk
($ mill ion /yr. ) (per 1, 000 000)
Large 1, 193, 000 10. 3 20 - 300
Medium 263, 000 2.3 20 - 3100
Small 92 700 1.4 20 - 300
Figure 15-17 depicts the graphical presentation of the
calculation results. Table 15-1Z shows the calculation
results. From these graphs if data is available about excess
cancer risks, we are able to calculate the approximate
cost/life saved in several discount rates. This cost-benefit
analysis is problematic and raises controversial issues such
as the ethics of measuring human value in terms of money.
Additional problems are as follows:
(1) Only a few compounds have been adequately studied in
animal tests and have been found to be carcinogenic. (93)
(2) Effects very according to age, but it is quite difficult
to identify two independent target populations, which
have a similar age structure.
(3) Relations are assumed in the metabolism between rats
and man.
(4) Results are difficult to extrapolate from high doses in
rats and low and long term effects in man.
(5) Although the direct reaction of some chemicals with DNA
has been correlated with the induction of tumors, it is
becoming increasingly clear that other factors can also
be involved in the formation of tumors. (54)
f0C
FIg 15 GAC Cost per Life Saved






0 50 100 150 200 250
Excess Cancer Mortarity per MR. Pop.





Fig16 GAC Cost per Life Saved
Middle size i mil.-0.i mil. Pop.
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I discussed two types of technoloqy for the control of
trihalomethane precursors in drinking water.
(1) The Application of disinfectant chemicals which
react less with the insertion of organic materials
in water. These technologies are modified
chlorination such the case of Huron, chlorine
dioxide and ozonation.
(2) The elimination of the organic material from
water before reacting the chemicals. GAC is a
typical example of this category.
Table 18: Comparison of Each Technology
Method Strength Weakness
Change the point cheap no removal of organic
of chlorination matter
Chlorine dioxide most desirable for if polluted, not
no polluted water desired
Ozonation long history in organic end products
Europe unknown
no production of use of electricity
THM
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Each of these technologies have strengths and weaknesses.
(Table 18) Huron's case study suggests to us it is
necessary to change the chlorination point following
recarbonation process. Chlorine dioxide is desirable for
application to non-polluted waters in which its bactericidal
value can be utilized more fully. The ozonation process
has a long history in Europe, but the organic end-products of
ozonation and their health significance are unknown. GAC
has a good performance record for removing TOC and THM, but
it costs 10 to 20 times more than the other alternatives.
11 of these technologies except GAC may produce by-
products not present in the source water, as long as
substantial quantities of background organic material
are present in the source water. As to the biggest
disadvantage of cost comparison with other alternative
disinfectant, we should note that GAC also contributes to
up-grading the taste of water. Other methods do not.
As discussed in Chapter 7, the EPA used CWSS data for
their analysis in technology and costs study. Because of a
small number of concentration of THM, usually ppb order, it
is quite difficult to detect it but it is not a question
whether or not the large differences exist between CWSS and
NOMS data. The presence of algae adds to the additional
uncertainty to this detection technique. That is, algae also
produces THM precursors (87), and during the period of water
shortage, Usually in the summer, it is most likely to have an
extraordinary growth phase. Consequently, these factors
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contribute to the THM fluctuation.
There are other problems other than this source water
contamination problem. People usually do not consider the
distribution system as a source of contamination. The pipes
can be asbestos/cement, lead, galvanized iron or plastic and
there are polymeric and coal tal coating on pipe. All of
these are capable of contaminating the water as it passes
through.
The EPA proposed two regulations in 1978 to limit
contaminants in drinking water. The EFA specified GAC or its
equivalent to be installed in water plants when MCL exceeds
100 ppb for THMs. This regulation won the subject of strong
criticism from water utilities. The EPA has decided to
reformulate the proposal. Consequently; the GAC system was
excluded from Group I. It should not be deleted from the GAC
regulation as originally proposed because we have doubts
about the precise risk estimates, the source water quality,
and the THMs level itself. It is urgent to find the real
risk estimate on chlorination by-products. The Agency should
regard this risk estimate as a measure to install GAC plants
rather than as a measure to prolong or eliminate the
installation of GAC plants.
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